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Introduction
Actinoporins are a group of soluble monomeric peptide toxins that have evolved to use sphingomyelin (SM) as their membrane recognition target [1] [2] [3] [4] [5] [6] [7] . These actinoporins include toxins such as sticholysin I and II (StnI and StnII, from Stichodactyla helianthus [8] [9] [10] ), equinatoxin II (EqtII, from Actina equina [11] ), and fragaceatoxin C (FraC, from Actina fragacea [12] ). The water-soluble structure of the toxins is known in detail [13] [14] [15] [16] . They have a β-sandwich motif consisting of 10 β-strands flanked by two α-helices, which interact with both sides of the β-sandwich. For the actinoporins, it is generally believed that monomeric peptides bind to the membrane interface (aided by SM) before oligomerization takes place, and a functional pore is finally formed [6, 7] .
The effects of membrane properties on toxin binding and pore formation by actinoporins have received a lot of attention over the years (for recent reviews, see [6, 7, 17] ). Quite a lot is known about how membrane and SM properties affect pore formation by different actinoporins. In the absence of cholesterol, pore formation by StnII requires the hydrogenbonding competent SM [18] . Indeed, all examined actinoporins appear to require the presence of SM in their target membranes [8, [18] [19] [20] . However, under some conditions, both EqtII and StnII have been shown to increase bilayer permeability in the absence of SM [8, 20] .
Cholesterol has been shown to affect the pore-formation kinetics and efficiency of actinoporins [21, 22] . The actual mechanism by which cholesterol affects rates and efficiency of pore formation is not fully understood, but cholesterol is known to abolish a gel phase in which SM could form in a unsaturated phospholipid bilayer (in the absence of cholesterol). In so doing, cholesterol increases diffusion in the SM-rich domain, but decreases diffusion in the unsaturated phospholipid domain [23, 24] . Cholesterol may also affect hydrogen bonding in the membrane interface, since its polar hydroxyl can act as both hydrogen bond donor and acceptor. Palmitoyl ceramide, which interacts strongly with SM and induces gel phase formation [25, 26] , is known to abolish StnII-induced pore formation [21] .
SM is a hydrogen-bonding molecule, and many of its bilayer properties (e.g., interaction with other co-lipids) are affected by hydrogen bonding [27, 28] . Intermolecular hydrogenbonding origination from the 2NH function of the sphingoid base is thought to result in SM clustering in the bilayer phase [29] . Intramolecular hydrogen bonding involving the 3OH of the sphingoid base and phosphate oxygens of the phosphocholine headgroup is very prevalent and is likely to regulate head group dynamics and orientation in SM [30, 31] . The formation of StnII-pores was abolished when hydrogen bonding from both 2NH and 3OH was prevented by methylation [18] . This result was interpreted to be a consequence of decreased binding of toxin to methylated SM analogs. However, it is possible that intermolecular hydrogen bonding among SMs also affects the way in which pores are formed.
Most SM species have a trans ∆ 4 double bond in their long-chain base. However, dihydro-SM, which lacks the unsaturation in the long-chain base, is a fairly common SM present in most cells [32, 33] . Dihydro-SM is the predominant SM present in the eye-lens membrane [34] .
SM and dihydro-SM are known to display very different intra-and intermolecular hydrogenbonding properties [30, 31, 35] . Hydrogen bonding among dihydro-SM molecules was recently shown to contribute to the lateral segregation and stabilization of a fluid dihydro-SM domain in disordered PC bilayers at high temperature [36] . A similar segregation of a fluid SM domain was not observed. The much stronger hydrogen bonding in dihydro-SM bilayers, as compared to acyl-chain matched SM bilayers, was also shown to have a fairly large effect on cholesterol and ceramide interactions with SMs [37] . Now, we have examined how pore formation by two different toxins, with highly similar structures but quite different hemolytic activities [19, 38] , is affected by the differing hydrogen-bonding properties of SM and dihydro-SM bilayers. We used N-palmitoyl-SM (PSM) or dihydro-PSM in mixed bilayers with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (1:4 molar ratio) and N-oleoyl-SM (OSM) or dihydro-OSM in pure SM bilayers (the latter was possible because of the low gel-liquid crystalline-phase transition temperature of OSM/dihydro-OSM [39] ). Our results show that StnII binding to bilayers and the subsequent pore formation were dramatically attenuated in bilayers containing dihydro-SM bilayers as compared to SM-containing bilayers. The addition of benzyl alcohol rescued the pore formation process in dihydro-SM bilayers, possibly by rearranging interfacial hydrogen bonding in a way that favored pore formation also in dihydro-OSM bilayers. We speculate that also other protein-driven processes in membranes may be affected by strong interfacial hydrogen bonding among dihydro-SM molecules.
Materials and methods

Materials
POPC, egg SM, sphingosyl-phosphorylcholine (lyso SM), sphinganin-phosphorylcholine (lyso dihydro-SM), and OSM were obtained from Avanti Polar Lipids (Alabaster, AL, USA). PSM was purified from egg SM as described previously [40] . Dihydro-PSM was prepared from PSM by hydrogenation using H2-gas and palladium (10%) on charcoal (Sigma-Aldrich, St. Louis, MO, USA) as a catalyst, as described previously [39] . Dihydro-OSM was prepared from oleic acid anhydride (Sigma-Aldrich) and sphinganin-phosphorylcholine, as described previously [41] . Benzyl alcohol and calcein were obtained from Sigma-Aldrich. DPH was obtained from Molecular Probes (Eugene OR, USA). StnI and StnII were produced in an E.coli expression system and purified, again, as previously [38] .
Calcein release from LUVs
Calcein-entrapped large unilamellar vesicles (LUVs) were prepared from POPC/PSM and POPC/dihydro-PSM (4:1 molar ratio) and from pure OSM and dihydro-OSM by extrusion through 200-nm filters at 60 °C [18] . Briefly, the desired lipids were mixed and dried under a stream of nitrogen. Prior to extrusion, the dry lipid films were hydrated for 30 min at 60 °C in 
Surface plasmon resonance measurements
The association of StnII with lipid bilayers on coated gold chips was performed as follows.
LUVs were prepared from OSM and dihydro-OSM in Tris buffer by extrusion through 100 nm polycarbonate filters at 60 °C. StnII binding to the coated bilayers was studied at 23 °C with a BioNavis SPR Navi 200 instrument (BioNavis Ltd, Tampere, Finland). The sensor gold chip was coated with a carboxymethylated dextran layer treated with N-hydroxysuccinimide and N-ethyl-N´(dimethylaminopropyl) carbodiimide to activate the surface for capture of phospholipid membranes [18] . All solutions used for SPR were filtered through 0.2 µm membrane filters and degassed by bath sonication before use. The running buffer was 10 mM Tris, 140 mM NaCl, pH 7.4, and the flow rate was 5 µl/min. First, the chip surface was cleaned with two injections of 10 mM CHAPS. Then, extruded LUVs (0.5 mM lipid concentration) were applied on the surface (10 min injection) and unbound vesicles were removed by one (2 min) injection of 50 mM NaOH. Bovine serum albumin (0.1 mg/ml, 2 min injection) was used to verify that the chip did not have uncovered areas. Finally StnII (1.0 µM) was applied for 10 min, after which buffer alone was injected for 2 min to study toxin dissociation. The chip was regenerated with CHAPS, as in the beginning of the experiment.
ζ-potential measurements
To measure toxin/LUV bilayer interactions, vesicles were prepared from OSM and dihydro-OSM in Tris buffer (pH 7.4, 140 mM NaCl). They were exposed to increasing concentrations of StnII for 20 min prior to measuring the ζ-potential of the aggregates. A Malvern Zetasizer ZS (Worcestershire, UK) was used for the measurements. Values given are averages +SD of n=3.
Interaction of StnII with OSM or dihydro-OSM monolayers
To measure the penetration of StnII into OSM and dihydro-OSM monolayers, these were spread to an initial surface pressure of 9 mN/m. Following injection of StnII into the buffer subphase of the monolayers (0.8 µM final concentration), which were kept at constant surface area, the penetration of toxin into the monolayer led to a time-dependent increase in lateral surface pressure [42] . The experiments were repeated three times, and a set of representative penetration curves are shown.
Effects of benzyl alcohol on bilayer fluidity
To determine the bilayer acyl chain order in the presence of increasing amounts of benzyl alcohol (BA), steady state fluorescence anisotropy of DPH was measured on a PTI QuantaMaster spectrofluorimeter operating in the T-format, essentially following the procedure described in [43] . Briefly, OSM and dihydro-OSM LUVs were prepared and exposed to increasing amounts of BA for 30 min. After this period, DPH anisotropy was measured at the indicated temperature as a function of BA concentration. DPH was used at 1 mol% of the total lipid. The wave lengths of excitation and emission of DPH were 360 nm and 430 nm, respectively. The steady state anisotropy was calculated as described previously [44] .
Results
Bilayer permeabilization by sticholysins
We have examined pore formation by StnI and StnII in bilayers containing SM and dihydro-SM. It has previously been shown that interfacial hydrogen bonding is very different in SM and dihydro-SM containing bilayers [30, 31, 35, 36] . This difference results mainly from the increased flexibility of the 3OH in the long-chain base of dihydro-SM [37, 45] . Our main aim was to study how such strong intermolecular hydrogen bonding (in dihydro-SM) may affect sticholysin-induced pore formation and membrane permeabilization. Pore formation was assessed by measuring calcein release from large unilamellar vesicles (200 nm diameter). The binding of both StnI and StnII to bilayers is mediated by SM, which acts as a recognition target for the pore-forming toxins. After monomer binding to the bilayer, an oligomerization process takes place in the membrane, followed eventually by the formation of a pore that allows calcein to be released from the entrapped volume within the LUVs. Pore formation by sticholysins is concentration-dependent. We used a concentration of 20 nM, which corresponds to a lipid:StnII (or StnI) ratio of about 125:1. As shown in figure 1A , the addition of StnI or StnII to LUVs prepared from POPC and PSM (4:1 molar ratio) led to a timedependent release of calcein from the vesicles. The rate and extent of pore formation was more efficient with StnI than with StnII. However, when the LUVs contained dihydro-PSM instead of PSM, the pore formation by both StnI and StnII was very low and hardly above background leakage (Fig. 1A) under the conditions used. The temperature for the experiment shown in Figure 1A was 23 °C. At this temperature the SM is more ordered than the POPC, but a gel phase is not present [46] . When LUVs were made of pure OSM or pure dihydro-OSM (Fig.  1B) , a similar calcein release pattern, induced by StnII, was observed as for the saturated SMs.
StnII efficiently formed pores in OSM bilayers, which led to calcein release, but the pore formation and subsequent calcein release was much less efficient in dihydro-OSM bilayers, under the conditions used. The calcein release from OSM and dihydro-OSM LUVs was performed at 24 °C and 28 °C, respectively. At these temperatures, the bilayers are fluid and the acyl chain order in the two populations of LUVs is the same ( [37] ]; see also Fig. 6 ).
Analysis of bilayer association of StnII, using SPR, ζ-potential measurements, or a competition assay
To further assess StnII binding to and pore formation in bilayers formed from OSM and dihydro-OSM, we next performed surface plasmon resonance measurements. As shown in figure 2, the SPR sensogram indicated efficient binding of StnII to and accumulation in bilayers formed from OSM. However, StnII binding to bilayers made from dihydro-OSM was markedly attenuated (Fig. 2) . The SPR data are consistent with the very low rate of calceinrelease from dihydro-OSM vesicles after exposure to StnII.
Since StnII is a positively charged toxin at pH 7 (the isoelectric point of StnII is above 9.5 [19] ), we measured StnII/LUV interaction based on ζ-potential measurements. SM is a zwitter-ionic phospholipid, and LUVs prepared from SM should have a net charge at pH 7, which is close to zero. In fact, the LUVs had a small negative overall charge (-1.4 mV and -2.1 mV for OSM and dihydro-OSM LUVs at pH 7, respectively Fig. 3 ). The addition of StnII to LUVs prepared from OSM led to a concentration-dependent increase in the net charge (positive). However, with LUVs containing dihydro-OSM, StnII addition did not result in the accumulation of the positively charged StnII in the LUVs. Instead a small decrease in the overall dihydro-OSM LUV charge was observed ( Fig. 3) . hence the effect of unlabelled dihydro-OSM vesicles on calcein release from OSM LUVs was small. Clearly, the binding of StnII to LUVs was very different according to whether they were prepared from OSM or dihydro-OSM. Altogether, the results obtained with StnII ( Figs. 1-4) suggest that binding to dihydro-SM, and/or oligomerization to functional pores is substantially compromised when compared to binding and pore-formation in SM-containing bilayers.
Monolayer penetration of StnII
Stn is known to bind to monolayers containing SM [42] , and if the monolayer is kept at constant area, its lateral surface pressure will increase as more toxin accumulates in the monolayer. We examined StnII interaction with OSM and dihydro-OSM monolayers at the air/buffer interface. The monolayers were spread to a lateral surface pressure of 9 mN/m, and after 5 min equilibration time, StnII (final subphase concentration 0.8 µM) was injected into rthe stirred subphase. The initial kinetics of toxin penetration into both OSM and dihydro-OSm bilayers was similar ( Fig.5 ). However, after reaching a surface pressure or about 28 mN/m, the toxin penetration into the dihydro-OSM monolayer ceased and the monolayer surface pressure stabilized at 30 mN/m after 10 min of toxin exposure. With OSM monolayers, toxin penetration continued to higher surface pressures when compared to dihydro-OSM monolayers, and after 10 min a surface pressure of about 34 mN/m was reached. These results suggest that as packing became tighter (at increased surface pressure), intermolecular hydrogen bonding among dihydro-OSM molecules became stronger (compared to the situation in OSM monolayers) and toxin penetration ceased at a lower effective surface pressure.
Does interference with interfacial hydrogen bonding affect StnII-induced pore formation?
Finally, to further examine how hydrogen bonding in the SM domains affected StnII membrane binding and subsequent pore formation, we used increasing concentrations of BA to interfere with interfacial hydrogen bonding in OSM and dihydro-OSM LUV bilayers. We observed that whereas BA enhanced StnII-induced pore formation in dihydro-OSM bilayers ( Fig. 6) , it did not show a similar stimulatory effect on StnII-induced pore formation in OSM LUV bilayers, under the conditions used (suggesting that pore formation with OSM at the toxin concentration used was not hydrogen-bonding limited). In addition to affecting hydrogen bonding at the bilayer interface, BA also affected acyl chain order, as determined from DPH anisotropy measurements (Fig. 7) . However, the concentration-dependent effect of BA on acyl chain order was equal in both (OSM and dihydro-OSM) bilayers.
Discussion
In this study we present evidence that Stn interaction with SM membranes is very different from Stn interaction with dihydro-SM membranes. The differences were clearly revealed using different experimental approaches: (i) we observed much slower Stn-induced calcein release from dihydro-SM bilayers than from SM bilayers ( Fig. 1) ; (ii) we measured much less total binding of StnII to supported bilayers (SPR, Fig. 2) and LUVs (ζ-potential, Fig. 3) prepared from dihydro-OSM as compared to OSM bilayers; (iii) dihydro-OSM vesicles failed to efficiently compete with OSM vesicles for StnII binding, as determined from a competition assay ( Fig.4) ; (iv) StnII penetration into dihydro-OSM monolayers was less efficient at higher surface pressures as compared to OSM monolayers (Fig.5 ). Our working hypothesis is that the differing intermolecular hydrogen bonding properties of SM and dihydro-SM may explain all our results.
Let us first review the literature evidence that hydrogen bonding among dihydro-SMs is stronger than (or at least different from) that between SMs. The first studies on the properties of SM and dihydro-SM by FTIR and NMR suggested that both intra-and intermolecular hydrogen bonding was different in bilayers prepared from saturated SM and from dihydro-SM [30, 31] . Further, although PSM and dihydro-PSM occupy the same mean molecular area in monolayer membranes, their gel-liquid crystalline-phase transition temperature is different by about 6.5 °C (higher for dihydro-PSM [47] ), suggesting a hydrogen-bonding stabilization of the gel phase of dihydro-SM. It was also noted that the rotational correlation time of N-DPH-SM was different for PSM and dihydro-PSM bilayers in their fluid phase, and that Prodan partitioning into dihydro-PSM bilayers, as compared to PSM bilayers, was much reduced [47] .
Such observations are most likely explained by differing hydrogen-bonding properties of SM and dihydro-SM bilayers. Furthermore, Kinoshita and coworkers have recently demonstrated that dihydro-18:0-SM shows liquid/liquid phase immiscibility in di-oleoyl-PC bilayers above 60 °C, which was not seen in 18:0-SM/di-oleoyl-PC bilayers [36] . Again, stronger hydrogen bonding in dihydro-SM bilayers was cited as the most likely reason for such a thermostable liquid phase. Finally, we showed that the lateral segregation of dipalmitoyl glycerol is much more enhanced in dihydro-OSM bilayers than in OSM bilayers at equal acyl chain order [37] . It appeared that strong intermolecular hydrogen bonding among dihydro-OSM bilayers caused the segregation of dipalmitoyl glycerol into its own phase, whereas the monomer solubility of dipalmitoyl glycerol in OSM bilayers was much less affected (at comparable bilayer compositions and temperature). All these previous observations are compatible with the present findings, that pore formation by StnI and StnII was markedly different in SM and dihydro-SM bilayers.
Stn-induced calcein release was markedly attenuated in dihydro-SM containing bilayers.
This finding could results from weaker Stn monomer binding to bilayers, or from hindered lateral diffusion, oligomerization, and pore formation in dihydro-SM containing bilayers. Both processes are likely to be affected by strong intermolecular hydrogen bonding among dihydro-SM molecules. However, we cannot exclude the possibility that the 3OH in SM would be closer to the interface, as compared to the 3OH in dihydro-SM, since the trans double bond has a partly polar nature when compared to a single C-C bond. A deeper localisation of the 3OH in dihydro-SM could possiby hinder Stn association with the bilayer interface in a way observed here.
Our SPR and ζ-potential measurements suggest that total StnII binding to bilayers was reduced in dihydro-SM bilayers. It is therefore possible that strong intermolecular hydrogen bonding between dihydro-SM molecules can increase the energy barrier for toxin penetration into the interfacial region of the bilayer. Support for this interpretation was given by our monolayer experiments, which showed that StnII penetration into dihydro-OSM monolayers was less efficient at high lateral surface pressures, when compared to OSM monolayers.
Additional support for the involvement of intermolecular hydrogen bonding in regulating membrane association of StnII is given by our BA data. The hydroxyl group of BA allows it to participate in hydrogen bonding similarly as cholesterol. Cholesterol is known to facilitate pore formation by different actinoporins [8, 21, 48, 49] . BA showed a strong activation of StnIIdependent calcein release from dihydro-OSM bilayers. This effect was not dependent on altered packing properties in the bilayer, as evidenced by the similar effects of BA on acyl chain order in both OSM and dihydro-OSM bilayers. OSM bilayers were not affected by BA under the conditions used, probably because pore formation was already maximal and could not further be enhanced. We have observed that BA is capable of enhancing StnII-induced calcein release in any SM-containing bilayer, provided that sub-saturation levels of toxins are used (data not shown). It has previously been shown that EqtII-induced calcein release from LUVs is facilitated by different alkanols [50] . It is likely that the effect of alkanols, BA, and cholesterol on pore formation by actinoporins could be due to effects of the compounds on interfacial hydrogen bonding in SM-containing bilayers. However, we cannot rule out that the free hydroxyl on these compounds could interact with Stn and somehow stabilize the membrane association of different actinoporins.
To conclude, we have shown that pore formation by sticholysins are markedly restricted in bilayers containing dihydro-SM when compared to acyl-chain-matched normal SM. We have preliminary evidence that similar restrictions apply to EqtII-induced pore formation in dihydro-SM-containing bilayers (data not shown). We would not be surprised if other diffusion related or bilayer penetration processes by other proteins are similarly affected by strong intermolecular hydrogen bonding in dihydro-SM-containing bilayers. In fact, it has been observed that enrichment of dihydro SM in cells reduced infectivity of the HIV-1 virus, a process which likely was sensitive to interactions among the dihydro-SMs [51] .
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